Background and Purpose-The Carotid Revascularization Endarterectomy versus Stenting Trial (CREST) demonstrated similar rates of the primary composite end point between carotid artery stenting (CAS) and carotid endarterectomy (CEA), although the risk of stroke was higher with CAS, and the risk of myocardial infarction was higher with CEA. Given the large number of patients who are candidates for these procedures, an understanding of their relative cost and cost-effectiveness may have important implications for health care policy and treatment guidelines. Methods-We performed a formal economic evaluation alongside the CREST trial. Costs were estimated from all trial participants over the first year of follow-up using a combination of resource use data and hospital billing data. Patient-level health use scores were obtained using data from the SF-36. We then used a Markov disease-simulation model calibrated to the CREST results to project 10-year costs and quality-adjusted life expectancy for the 2 treatment groups. Results-Although initial procedural costs were $1025/patient higher with CAS, postprocedure costs and physician costs were lower such that total costs for the index hospitalization were similar for the CAS and CEA groups ($15 055 versus $14 816; mean difference, $239/patient; 95% CI for difference, Ϫ$297 to $775). Neither follow-up costs after discharge nor total 1-year costs differed significantly. For the CREST population, model-based projections over a 10-year time horizon demonstrated that CAS would result in a mean incremental cost of $524/patient and a reduction in quality-adjusted life expectancy of 0.008 years compared with CEA. Probabilistic sensitivity analysis demonstrated that CEA was economically attractive at an incremental cost-effectiveness threshold of $50 000/quality-adjusted life-year gained in 54% of samples, whereas CAS was economically attractive in 46%. Conclusions-Despite slightly lower in-trial costs and lower rates of stroke with CEA compared with CAS, projected 10-year outcomes from this controlled clinical trial demonstrate only trivial differences in overall healthcare costs and quality-adjusted life expectancy between the 2 strategies. If the CREST results can be replicated in clinical practice, these findings suggest that factors other than cost-effectiveness should be considered when deciding between treatment options for carotid artery stenosis in patients at standard risk for surgical complications. Clinical Trial Registration-URL: http://clinicaltrials.gov. Unique Identifier: NCT00004732.
M
ajor stroke is associated with high medical care costs and reductions in life expectancy and quality of life. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Carotid endarterectomy (CEA) has been shown in several trials to be superior to medical management for the prevention of stroke in select patients with symptomatic or asymptomatic carotid artery stenosis. 11, 12 More recently, carotid artery stenting (CAS) with the use of an embolic protection device has been introduced as a less invasive approach to carotid revascularization.
In patients for whom surgery poses an increased risk, the Stenting and Angioplasty with Protection in Patients at High Risk of Endarterectomy (SAPPHIRE) trial demonstrated CAS to be clinically noninferior to CEA with a favorable cost-effectiveness ratio. 13, 14 In patients at standard risk for surgical complications, the Carotid Revascularization Endarterectomy versus Stenting Trial (CREST) found no significant difference in the primary clinical outcome of stroke, myocardial infarction (MI), or death within the periprocedural period or any ipsilateral stroke thereafter, although there was a significantly higher rate of periprocedural stroke with CAS and a significantly higher rate of periprocedural MI with CEA. 15 Given the large number of patients who are candidates for these alternative procedures, an understanding of their relative cost and cost-effectiveness may have important implications for healthcare policy and treatment guidelines. We therefore performed a prospective economic evaluation alongside the CREST trial in which we used empirical data on healthcare costs and health utilities and clinical outcomes from the trial as inputs to a Markov state-transition model that was used as the basis for formal cost-effectiveness analysis.
Methods

Patient Population
Between December 2000 and July 2008, 2522 patients with symptomatic or asymptomatic carotid stenosis who were judged to be clinically and anatomically suitable for both CAS and CEA were enrolled in the CREST trial (ClinicalTrials.gov number NCT00004732) at 108 US and 9 Canadian centers. Full details of the inclusion and exclusion criteria as well as the complete study protocol have been published previously. 15, 16 Eligible patients were randomized in a 1:1 ratio to CAS (nϭ1271) or CEA (nϭ1251). After excluding 20 patients due to suspected scientific misconduct, the primary analysis of clinical outcomes was conducted on a data set that included 2502 patients (nϭ1262 CAS; 1240 CEA). 15 For the economic study, we defined 2 analytic populations: a modified intention-to-treat (ITT) population that included all patients except those who declined their assigned procedure after randomization (nϭ1213 CAS; 1193 CEA) and an Assigned Treatment Received population that included only those patients in whom the assigned treatment was actually performed without crossover treatment during the periprocedural period (nϭ1136 CAS; 1184 CEA; online-only Data Supplement Figure  I ). The modified ITT population was considered the primary population for the cost and cost-effectiveness analyses unless otherwise specified.
Estimation of In-Trial Costs
Medical care costs for treatment of cerebrovascular disease and its direct and indirect complications were assessed for all patients over a 1-year follow-up period using a combination of resource-based costs and hospital billing data as previously described. 17 All costs were assessed in year 2008 dollars or converted to 2008 dollars using the medical care component of the Consumer Price Index. 18 
Index Procedures
Detailed resource use was recorded for each procedure, and costs were calculated as the product of resource use and unit cost for each component. Acquisition costs for each item were estimated using 2008 acquisition costs from a sample of study centers (Table 1) . The study stent (RX ACCULINK Carotid Stent System; Abbott Vascular, Inc, Santa Clara, CA) was assigned an acquisition cost of $2107, and the embolic protection device (RX ACCUNET Embolic Protection System; Abbott Vascular, Inc) was assigned an acquisition cost of $1505 based on national average pricing data obtained from the IMS Hospital Supply Index as of September 2010. Ancillary costs for the catheterization laboratory or interventional radiology suite (for CAS procedures) and for the operating room (for CEA procedures) included overhead and depreciation, nonphysician personnel, and general supplies required for each procedure and were estimated based on a survey of study hospitals.
Procedure-related physician fees for the primary operator and first assistant (where applicable) were calculated using national average rates from the 2008 Medicare Fee Schedule and included the cost for the revascularization procedure plus the cost of diagnostic cerebral angiography if applicable. Anesthesiologist fees for CEA procedures were calculated based on measured procedure duration according to the Medicare fee schedule.
Postprocedure Hospital Care
Costs for all other aspects of care during the initial hospitalization were estimated based on hospital billing data. Itemized hospital bills and UB-92 or UB-04 forms (summary billing statements) were obtained for 577 CAS patients and 637 CEA patients. After excluding any charges associated with the index procedure, postprocedure hospital costs were calculated by multiplying the remaining hospital charges by year-and hospital-specific revenue code-level cost-tocharge ratios obtained from each center's Medicare Cost Report. 17 For index hospitalizations without available billing data (nϭ1203), postprocedural hospital costs were estimated using a linear regression model developed from hospital admissions for 
Rehospitalization Costs
Detailed resource use was collected for repeat carotid revascularization procedures, and costs were assigned to those admissions using the same approach as that developed for the estimation of index hospitalization costs. Subsequent hospitalizations associated with MI, transient ischemic attack, stroke, and death events were each mapped to a diagnosis-related group (by a coder blinded to treatment assignment, and costs for each hospital admission were assigned based on the corresponding national average Medicare reimbursement rates for 2008. 19 Physician fees for rehospitalizations were estimated as a percentage of hospital costs according to diagnosisrelated group as described previously. 20, 21 
Statistical Analysis
Discrete data are reported as frequencies, and continuous data are reported as meanϮSD and median. Discrete variables were compared by Fisher exact test. Normally distributed continuous variables were compared by Student t test, and nonnormally distributed data were compared by the Wilcoxon rank-sum test. Given the skewed distribution of length of stay and cost data, we used nonparametric bootstrapping (1000 replicates) to estimate probability values and 95% CIs for differences in length of stay and costs between the 2 treatment arms. 22 All statistical analyses were performed using SAS Version 9.2 (SAS Institute, Inc, Cary, NC). A probability value Ͻ0.05 was considered statistically significant for all comparisons.
Cost-Effectiveness Analysis
Cost-effectiveness of CAS versus CEA was assessed in terms of cost per quality-adjusted life-year (QALY) gained over a 10-year time horizon from the perspective of the US healthcare system. Because resource use and cost data were collected only for the first year of follow-up in CREST, and there were differences between CAS and CEA for prognostically important events, it was necessary to extrapolate the observed results beyond the trial period to provide meaningful cost-effectiveness results. We therefore developed a state-transition (Markov) model to project clinical outcomes, quality of life, survival, and costs beyond the trial period. Our general approach was to base this model to the greatest extent on the observed results of the CREST trial. The model structure and the assumptions for transition probabilities, costs, and utility weights (along with their underlying distributions and data sources) are summarized in the online-only Data Supplement. The model was programmed using TreeAge Pro 2011 (TreeAge, Inc, Williamstown, MA) and structured as a microsimulation with patients sampled from an underlying population that mirrored the age and symptomatic status distributions of the CREST trial population.
Model Calibration and Analyses
Model calibration was confirmed by comparing the projected 1-month and 1-year costs and clinical event rates against the observed trial results (results within 3% of observed for all major outcomes; see online-only Data Supplement Table I ). For the purposes of cost-effectiveness analysis, all future costs, life-years, and QALYs were discounted at 3% per year, consistent with current guidelines. 23 The incremental cost-effectiveness ratio (ICER) for CAS versus CEA was calculated by dividing the difference in mean discounted costs by the difference in mean quality-adjusted life expectancy for the 2 treatment strategies. The overall impact of uncertainty was assessed by means of probabilistic sensitivity analysis in which all model parameters were sampled from their appropriate distributions over 1000 runs. The results of these analyses are displayed graphically as a joint distribution of the incremental cost and effectiveness of CAS versus CEA in the cost-effectiveness plane. In addition to the primary analysis for the overall trial population, we performed prespecified subgroup analyses for the asymptomatic and symptomatic CREST populations.
Results
Study Population
Of the 1262 patients randomized to CAS, 1213 (96.1%) underwent attempted CAS and 1136 (89.4%) had CAS performed as assigned. Of the 1240 patients randomized to CEA, 1193 (95.4%) underwent attempted CEA, and 1184 (94.6%) had CEA performed as assigned (online-only Data Supplement Figure I ). Baseline characteristics did not differ between treatment groups for either the modified ITT or the Assigned Treatment Received populations (online-only Data Supplement Table II ). The prevalence of symptomatic carotid stenosis was 53% for each treatment group for both the modified ITT and Assigned Treatment Received populations.
Index Hospitalization Resource Use and Costs
For the modified ITT population, 1136 of the 1213 patients randomized to CAS received CAS only; 8 underwent attempted CAS followed by CEA, and 40 underwent CEA only. The remaining 29 patients underwent carotid and cerebral angiography only. The main reason for crossover to CEA was anatomic unsuitability for CAS. Of the 1193 modified ITT patients randomized to CEA, 1184 underwent CEA and 9 received only angiography; no patients in the CEA group underwent CAS.
Resource use and costs for the index procedures are summarized in Table 1 . A mean of 1.01 stents and 0.95 embolic protection devices were used in the CAS arm with total device-related costs of $4510/patient. Although operating room costs (including overhead, depreciation, supplies, and nonphysician personnel) were substantially higher for CEA than for CAS, after including device-related costs, total procedural costs were higher with CAS ($6794 versus $5769, PϽ0.001). On the other hand, physician fees were higher with CEA ($1951 versus $1514, PϽ0.001), mainly due to anesthesiology services.
Periprocedural event rates, postprocedural length of stay, and overall costs for the index hospitalization are summarized in Table 2 . Within the modified ITT population, rates of periprocedural stroke were higher for CAS, whereas rates of MI were higher for CEA. Mean postprocedure length of stay was 0.4 days longer in the CEA arm (3.0 versus 2.6 days; Pϭ0.002) with significant differences in both intensive care unit and nonintensive care unit days. Postprocedural hospital costs were $363/patient higher for CEA ($7122 versus $6759; Pϭ0.927). Overall costs for the initial hospitalization (including procedural, postprocedural, and physician costs) were slightly but nonsignificantly higher with CAS than with CEA ($15 055 versus $14 816; 95% CI for difference, $297 less to $775 more; Pϭ0.185).
One-Year Clinical Outcomes and Costs
One-year rates of rehospitalization for major cardiovascular events and their associated costs are shown in Table 3 . Overall rates of hospitalization for repeat carotid revascularization (either by CAS or CEA) did not differ significantly for the CAS versus CEA groups. As a result, mean follow-up costs did not differ significantly between the CAS and CEA groups ($1321 versus $1293; Pϭ0.441). Total 1-year costs including the initial revascularization procedures were $267/ patient higher for CAS, but this difference was not statistically significant ($16 375 versus $16 108; 95% CI for difference, $366 less to $961 more; Pϭ0.223).
Utility Weights and In-Trial Quality-Adjusted Life Expectancy
There were small but statistically significant differences in utility weights favoring CAS at both the 2-week and month time points but no differences at 1 year (Table 4) . Qualityadjusted life expectancy over the first year of follow-up was virtually identical for the CAS and CEA groups (0.704 versus 
Cost-Effectiveness Analysis
Based on the observed 1-year trial results alone, CAS was associated with a small increase in cost ($267) and a small decrease in QALYs (0.005), rendering CEA an economically dominant therapy (ie, associated with both lower cost and greater effectiveness than CAS) in the short term. The results of our 10-year cost-effectiveness analysis based on the trial-based Markov model are summarized in Table 5 and the Figure A-C. For an overall population similar to that enrolled in CREST (mean age, 69 years; 53% symptomatic), our model projected that over a 10-year time horizon CEA would be an economically dominant strategy with net cost savings of $524 and an increase in quality-adjusted life expectancy of 0.008 years. Probabilistic sensitivity analysis demonstrated considerable uncertainty in the long-term results, however ( Figure A) . CEA was economically dominant in 34.2% of bootstrap replicates, and CAS was economically dominant in 6.2%. The probability that CEA was economically attractive at a willingness-to-pay threshold of $50 000/QALY gained was 54.4%. For symptomatic patients, CEA was projected to be a dominant approach with projected cost savings of $448/ patient and a gain in quality-adjusted life expectancy of 0.017 years in the base case analysis. The probability that CEA was economically attractive at a willingness-to-pay threshold of $50 000/QALY gained was 56.3% ( Figure 1B ). For asymptomatic patients, CAS was associated with a 0.002 QALY benefit and an incremental cost of $609, yielding an estimated ICER of $277,249/QALY gained with CAS versus CEA. The probability that CAS would be economically attractive at a willingness-to-pay threshold of $50 000/QALY gained was 48.6% ( Figure C) . Analyses restricted to shorter time horizons demonstrated similar findings although the results were somewhat more robust. For example, over a 5-year time horizon, the probability that CEA would be economically attractive at a $50 000/QALY threshold was 71.3%.
Discussion
Although several previous studies have compared CAS versus CEA for patients with carotid artery disease at standard surgical risk, 24, 25 CREST is the first trial to incorporate a comprehensive health economic evaluation. In this study, we collected detailed medical resource use and quality-of-life data on the complete trial population and hospital billing data on a large subset. Results from analysis of these data revealed that both initial treatment costs and total 1-year costs were slightly higher for CAS versus CEA, driven largely by higher QALYs indicates quality-adjusted life-years; ⌬, difference between CAS and CEA strategies; ICER, incremental cost-effectiveness radio; CAS, carotid stenting; CEA, carotid endarterectomy; ASX, asymptomatic; SX, symptomatic.
*Associated with both lower cost and greater effectiveness. †Economically preferred at a societal willingness-to-pay threshold of $50 000/QALY gained.
initial procedural costs. Results from the analysis of qualityof-life 26 and health state use data tended to favor CAS during the first month of follow-up but revealed no differences thereafter. Based on these findings, formal cost-effectiveness analysis demonstrated that any projected cost and QALY differences between CAS and CEA were small (Ͻ0.02 QALYs and Ͻ$650), such that the resulting ICERs were unstable with approximately 50% probability of economically attractive results (ie, ICER Ͻ$50 000/QALY gained) with either treatment. Similar results were observed when the analysis was restricted to symptomatic or asymptomatic patients. These findings suggest that for patients similar to those enrolled in the CREST trial, there is little reason to strongly prefer either CAS or CEA on economic grounds and that other factors such as individual patient preferences and center-specific outcomes should be considered when choosing between these 2 approaches to carotid revascularization.
Comparison With Previous Studies
Several previous studies have compared initial treatment costs for CAS versus CEA. [27] [28] [29] [30] [31] These studies have consistently shown that procedural costs are higher with CAS than with CEA, due almost entirely to the cost of disposable devices (eg, stents, embolic protection devices, etc). In a Figure. A, Scatterplot of the joint distribution of cost and QALY differences between CAS and CEA for a CREST-like population (mean age, 69 years; 53% symptomatic) based on probabilistic sensitivity analysis (1000 replications). The probability that the cost and QALY difference is in each of the 4 quadrants is indicated. The diagonal line through the origin represents a cost-effectiveness threshold of $50 000/QALY gained. Each point below and to the right of this line represents an estimate derived from one model-based simulation for which CAS was found to have an estimated cost-effectiveness ratio less than the threshold ratio of $50 000 per QALY gained; points above and to the left of the line correspond to model based estimates in which the incremental cost-effectiveness ratio for CAS relative to CEA was Ͼ$50 000/QALY. The probability that CEA was economically attractive at this threshold was 54.4%. Points falling within the upper left-hand quadrant correspond to model-based results for which CAS was found to be dominated by CEA associated with both increased costs and lower effectiveness. Points falling within the lower right-hand quadrant correspond to results for which CAS was found to be a dominant therapeutic approach associated with both lower costs and increased effectiveness in terms of QALYs gained. The ellipse indicates the 95% credible interval for the joint distribution. B, Scatterplot of the joint distribution of cost and QALY differences between CAS and CEA for a 100% asymptomatic population based on probabilistic sensitivity analysis (1000 replications). The probability that the cost and QALY difference is in each of the 4 quadrants is indicated. The probability that CEA was economically attractive at this threshold was 51.4%. C, Scatterplot of the joint distribution of cost and QALY differences between CAS and CEA for a 100% symptomatic population based on probabilistic sensitivity analysis (1000 replications). The probability that the cost and QALY difference is in each of the 4 quadrants is indicated. The probability that CEA was economically attractive at this threshold was 56.3%. CEA indicates carotid endarterectomy; CAS, carotid artery stenting; QALY, quality-adjusted life-year.
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single-center randomized trial of 104 patients, Brooks and colleagues 27 found that variable costs were approximately $600/patient higher with CAS. Similar to our results, they observed modest cost savings for postprocedural care that were insufficient to offset the substantial increase in procedural costs with CAS. In a single-center observational study of 62 patients, Pawaskar and colleagues 31 found that procedural costs were nearly $5000/patient greater with CAS than CEA with only minimal reductions in other hospital costs; as a result, the cost of CAS exceeded that of CEA by Ͼ$4000/ patient. Using data from their hospital's cost accounting system, Sternberg and colleagues 32 also reported hospital costs that were Ͼ$3000/patient higher with CEA than CAS.
On the other hand, several other single-center studies have demonstrated substantial reductions in lengths of stay with CAS with either similar 28 or lower total hospital costs. 29 It is difficult to reconcile the differences between the results of previous single-center cost studies and those of the CREST trial. The single-center studies are limited by relatively small sample sizes (generally Ͻ200 patients), lack of randomization, and limited description of costing methodology. In contrast, CREST included 2502 patients randomized at 117 sites and incorporated costing methods based on measured resource use. The CREST costing methodology was similar to that used in a variety of other cardiovascular trials [33] [34] [35] and accounted for the full costs of treatment (including allocated hospital overhead). Current guidelines generally favor this approach for informing decisions regarding societal resource allocation, because all costs are variable in the long run. 36 On the other hand, studies based on hospitals' internal accounting systems tend to focus on variable costs, which are more appropriate for short-term resource allocation decisions at the hospital level.
In the only other multicenter study to date, McDonald and colleagues 17 used data from the National Inpatient Sample to estimate hospital costs for nearly 200 000 patients who underwent either CAS or CEA between 2001 and 2008. They found that hospital costs were nearly $5000/patient higher with CAS than CEA in this unselected population, a difference that was explained at least in part by much higher rates of comorbidities and complications among patients treated with CAS. In addition, they estimated patient-level costs based on whole hospital cost to charge ratios. This approach has been shown to be less precise than our approach incorporating both resource-based costs (for procedures) and department-specific cost to charge ratios (for nonprocedural care), particularly when the admission involves a high cost procedure. Finally, their study did not consider physician costs, which are substantially higher with CEA (due to anesthesiology services).
Comparison With Other Populations
Several previous studies have examined the relative costeffectiveness of CAS versus CEA for patients at high risk of surgical complications. Maud and colleagues 37 used published, aggregate data from the SAPPHIRE trial to estimate the cost-effectiveness of CAS versus CEA for high-risk surgical patients. Over a 1-year follow-up period, they estimated that the ICER for CAS versus CEA was approximately $67 000/QALY gained. Mahoney and colleagues, 13 using prospectively collected patient-level resource use from the SAPPHIRE trial, reported somewhat different findings. Although procedural costs were substantially higher with CAS than with CEA, there were substantial reductions in other hospital costs such that total costs for the index hospitalization were only $500/patient higher with CAS. Lifetime projections of cost and life expectancy suggested that CAS was an economically attractive strategy for high-risk patients with a lifetime ICER of approximately $6500/QALY gained compared with CEA.
The results of the CREST economic analysis differ from those from the SAPPHIRE trial because of differences in the patient populations as well as clinical outcomes. In SAPPHIRE, patients were required to be at high risk of complications from CEA because of either anatomic challenges or extensive comorbidity. In that population, CAS resulted in substantial reductions in hospital length of stay as well as better clinical outcomes at 1 year, including reduced long-term mortality. 14 Consequently, despite its higher cost, CAS was an economically attractive strategy for the high-risk population. In contrast, CREST enrolled a much lower-risk patient population and demonstrated relatively small differences between treatment groups in clinical outcomes and no long-term differences in survival or quality of life. With only minimal differences in both long-term cost and qualityadjusted life expectancy, it is not surprising that neither CAS nor CEA was clearly preferred on economic grounds. The relative cost-effectiveness of these alternative procedures therefore appears to depend heavily on patient characteristics and, in particular, the likelihood of ischemic complications (death, stroke, or MI) with the 2 procedures.
Study Limitations
Our study should be considered in light of the following limitations. First, our analysis was performed from the perspective of the US healthcare system and may not reflect the perspective of any other health system or payor whose costs may differ from those we observed. In addition, the costs we applied to resource use for our analysis included both fixed and variable costs. Although there is general agreement that this approach is appropriate when considering a long-term decision (because virtually all costs are variable in the long run), for short-term resource allocation, variable costs may be a closer representation of the true opportunity costs of each treatment strategy. 36 Because disposable costs (which are variable even in the short term) represent a larger proportion of costs for the CAS group, restriction of our analysis to variable costs (which would have required access to each hospital's internal accounting data) would likely have resulted in a greater cost difference between the 2 groups in favor of CEA.
Third, although CREST enrolled patients at Ͼ100 centers, the sites and operators were chosen on the basis of adequate volumes and outcomes (for CEA) as well as an extensive training and certification process (for CAS). Thus, it is uncertain whether the clinical results (and by extension, the economic outcomes) obtained in this trial would be representative of those in routine clinical practice. A recent study of carotid stenting in Medicare recipients revealed significantly higher mortality rates than those seen in CREST. 38 Finally, it is important to recognize that by design, the CREST trial and its economic analysis only compared 2 alternative revascularization procedures and did not include a parallel medical therapy group. Implicit in this analytic approach is an assumption that CEA is cost-effective relative to medical therapy for the CREST population. Although previous studies support the validity of this assumption for both symptomatic and asymptomatic patients, 39 there continues to be substantial debate on this issue, particularly for asymptomatic patients. 40 Only a dedicated clinical trial using both contemporary revascularization techniques and medical therapy can resolve this issue.
Conclusions
In a population of patients with carotid artery stenosis who were not at increased risk for surgical complications, CEA was associated with a slightly lower cost and slightly greater quality-adjusted life expectancy compared with CAS, but cost-effectiveness results were highly unstable. These findings, which were derived from a controlled clinical trial with careful credentialing of both surgeons and interventionalists, suggest that there is insufficient evidence at present to strongly favor one or the other treatment strategy on economic grounds.
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SUPPLEMENTAL MATERIAL
Overview of the State Transition Model
We developed a state-transition (Markov) model in order to project long-term outcomes for the CREST population beyond the time-frame observed in the study. The model structure is summarized in Figure S1 . During the index procedure, patients could experience treatment success, treatment failure, or attempted crossover to the alternative procedure. In addition to these technical outcomes, patients were at risk for periprocedural events including MI, minor stroke, major stroke, cranial nerve injury (CNI), and death. After the initial procedure, surviving Patients who experienced more than one event were assigned to the "worst" health state using the following hierarchy: major stroke> MI > minor stroke. In addition, each of these health states was modified by the presence or absence of cranial nerve injury. In subsequent monthly cycles, patients could experience a repeat carotid revascularization procedure (along with the possibility of any of the events described for the index procedure), spontaneous major or minor stroke, cardiovascular or non-cardiovascular death, or no event. The model was calibrated to our cost study results at 1 month and 1 year to ensure internal validity (Table S1 ).
Data Sources and Key Assumptions
Transition probabilities. Transition probabilities for procedural outcomes were estimated for each treatment group based on CREST trial results from the per-protocol population and were applied to each simulated patient based on the actual treatment received. Specific base case values along with their underlying distributions and defining parameters are summarized in Table S2 . Most probabilities were assumed to follow a beta distribution. After the first month, transition probabilities were based on the CREST results observed between 1 month and 12 months with rare exceptions, as described below.
Specifically, the transition probability relating to spontaneous (non-periprocedural) stroke following the index procedure was estimated using 4-year follow-up data from CREST for the combined treatment groups (annual rate of 2.2% for the Assigned Treatment Received population). In addition, for patients not successfully treated with CEA or CAS, we used published data on the annual spontaneous stroke rate for patients with carotid artery disease treated medically.
1, 2 Finally, since annual mortality for the CREST population was less than age-adjusted U.S. averages, age-and gender-specific rates of cardiovascular and noncardiovascular mortality were applied based on U.S. population vital statistics data. 3, 4 We applied a fixed hazard ratio of 3.67 to the subsequent cardiovascular mortality rates of patients who experienced a non-fatal MI during follow-up, based on analysis of CREST data for post-MI patients. 5 Since the CREST trial demonstrated similar hazard ratios for mortality after stroke or MI, the hazard ratio for cardiovascular mortality patients after non-fatal stroke was assumed to be equal to that following MI.
Costs. Costs for the index revascularization procedures and the incremental costs associated with complications were based on linear regression analysis of the empirical inhospital cost data for the CREST trial (Table S2 ). Since follow-up cost data for the CREST trial were limited to the direct costs of carotid revascularization procedures and endpoint-related events, external data sources were used to provide more complete follow-up costs for each of the modeled health states. Annual costs assigned to health states following the index procedure were as follows: $9933 for Post-Minor Stroke or No Event; 6 $13,088 for the first year following MI 7 and $9933 for subsequent years following MI; and $22,307 for Post-Major Stroke. 8 Costs of acute events (incremental costs) were assumed to follow a log-normal distribution, while costs associated with chronic health states were assumed to follow a gamma distribution.
Utility Weights. Health-related quality of life was assessed prospectively for the CREST population using the Medical Outcome Study Short-Form 36 (SF-36) at baseline, 2 weeks, 1 month, and 1 year, as previously described. 9 For the purposes of this analysis, the raw SF-36 data were converted to U.S. population utility weights based on the methods of Brazier and colleagues. 10 We then developed separate linear regression models to estimate the impact of periprocedural events including MI, minor stroke, major stroke, and cranial nerve injury on the 1-month and 1-year utility weights. In addition to the outcomes of interest, these models also adjusted for treatment group, baseline quality of life, sex, history of diabetes, age and symptomatic status. Estimates of the impact of periprocedural events from the 1-month data were used as inputs for the first year of follow-up; estimates from the 1-year data were used as inputs for the post-1-year period. The specific utility weights for each health state and disutilities associated with health states during the first year of follow-up and subsequent years were assumed to follow either a beta distribution (for baseline utilities) or a gamma distribution (for disutilities) and are summarized in Table S2 . 
